Abstract A protocol for simultaneously interrogating bacterial viability and identity using in situ, cultureindependent methods is described. Viability is assayed using ethidium monoazide (EMA) staining of cells with compromised membranes, and identity is determined using fluorescent in situ hybridization (FISH). Experiments with planktonic cultures were used to demonstrate the compatibility of EMA staining and FISH after covalently bonding EMA to nucleic acids by photoreaction. Applications to biofilm samples showed that diffusion limitations in the biofilm matrix were not problematic and that effective discrimination of viable target cells within a mixed microbial community was possible.
Introduction
The ability to simultaneously evaluate bacterial identity and viability in a biofilm sample is a powerful monitoring tool for processes in which a biocide is used to prevent biofilm establishment, such as in drinking water distribution systems. The traditional approaches for enumerating and identifying viable bacteria in drinking water are culture based. These techniques are well known to introduce a significant bias due to the selection of microorganisms capable of growing under the defined culturing conditions, and they are not suited for biofilm samples due to their inherent requirement for discrete cells. An alternative culture-independent identification method is fluorescent in situ hybridization (FISH), which in the last decade has been used to study microbial communities in a variety of environmental systems, including drinking water biofilms (Kalmbach et al., 1997) . However, an important limitation of FISH is that it does not give an indication of viability, a requirement for the evaluation of inactivation efficacy.
Although several culture-independent methods are currently used to determine cell viability (Lloyd and Hayes 1995) and have been applied to drinking water samples (Kalmbach et al., 1997; Boulos et al., 1999) , the existing methodologies are not compatible with FISH due to the disruption of cell permeability and viability during the fixation step. This inactivation precludes the staining of cells for viability determination after fixation, and if viability staining is performed before cell fixation, the subsequent steps in the FISH protocol allow diffusion of the viability stains in and out of cells, thereby eliminating the viability differentiation. Because of this complication, the in situ analyses of identity and viability have been performed in parallel (Kalmbach et al., 1997; Williams et al., 1998) , precluding the simultaneous determination of both attributes. We have eliminated the compatibility problems by using the photoreactive dye ethidium monoazide (3-amino-8-azido-5-ethyl-6-phenyl phenanthridine, EMA) as the viability stain. Similar to other viability stains that interrogate membrane integrity as a surrogate for viability, EMA only penetrates cells with ruptured membranes. However, unlike other membrane integrity stains, EMA has the additional property that it can be covalently bound to DNA upon photoactivation (Riedy et al., 1991) . Thus, for simultaneous determination of viability and identity, EMA can be applied to cells, photoactivated, and then combined with the FISH protocol. The objective of this paper is to describe the EMA/FISH methodology and demonstrate the use of this technique for the analysis of planktonic and biofilm cultures.
Materials and methods

Chemicals
EMA was purchased from Molecular Probes (Eugene, OR). Oligonucleotide probes were synthesized at the University of Wisconsin Biotechnology Center. The probes were labeled with the cyanine dye Cy5.
Cultures
A pure culture of Nitrosomonas europaea (ATCC 25978) maintained in a chemostat was used as a source of planktonic cells. Dead cell controls of the N. europaea culture were prepared by mixing one volume cell suspension to three volumes of 96% methanol for 10 min, then washing twice with phosphate buffered saline (PBS; 130 mM NaCl and 10 mM Na 2 HPO 4 , pH 7.2). Biofilm samples of a Pseudomonas aeruginosa strain (Noguera and Freedman, 1996) were developed by slowly dripping a suspended culture on inclined glass cover slips housed in a sterilized container. The suspended culture was pumped at a rate of approximately 0.1 mL/min on each cover slip for a period of 35 h. P. aeruginosa biofilm samples were killed by immersion in 70% isopropanol for 1 h, followed by immersion in PBS for 5 min. Mixed-culture biofilms were developed using the drip biofilm approach and suspended cultures of P. aeruginosa and Acinetobacter calcoaceticus (ATCC 33304).
Viability staining procedure
Staining was performed by adding a volume of EMA stock solution directly to samples of planktonic cultures or by immersing biofilm samples in EMA diluted in PBS. Samples were incubated at room temperature for 10 min (N. europaea culture) or 20 min (P. aeruginosa and nitrifying biofilm samples), during which covalent binding of EMA to DNA was achieved by exposure of the samples to a 40-W fluorescent light located approximately 18 cm from the sample. After photoactivation, unbound EMA was removed from suspended cells by twice pelleting the cells and resuspending the pellet in PBS, while biofilms were washed by immersing in PBS for 20 min. P. aeruginosa biofilms were dispersed for evaluation of EMA diffusion or light penetration limitations by transferring from the coverslip substratum to 1 mL of PBS and purging 10 times through a 25-gauge syringe needle.
FISH procedure
EMA stained and photoactivated samples were fixed with 4% paraformaldehyde for 30 min. Fixed planktonic cells were spotted on the wells of precleaned, heavy Teflon coated slides (Erie Scientific, Portsmouth, NH). Biofilm and planktonic samples were air dried, dehydrated in an ethanol gradient, hybridized with Cy5-labeled oligonucleotide probes, and washed using established protocols (Wagner et al., 1995) . Probes included S-*-Ntros-0190-a-A-19 targeting ammonia-oxidizing bacteria (Mobarry et al., 1996) and S-G-Acin-0659-a-A-24 targeting Acinetobacter (Oerther et al., 1998) . After hybridization and washing, samples were rinsed with 2 mL of deionized water and mounted in a DABCO antifade solution (25 mg 1,4-diazabicyclo[2.2.2]-octane, 1 mL of PBS:glycerol at 1:9 (v/v), pH 8.6).
Microscopy
Visualization of fluorescently stained cells was performed on a Zeiss AxioPlan 2 epifluorescent microscope equipped with a 100-W mercury arc lamp. Monochromatic images of each stain were captured with a CCD camera (Roper Scientific, Tucson, AZ), and fluorescent intensity determinations were made using IP Lab (Scanalytics, Fairfax, VA).
Results and discussion
EMA/FISH method optimization
To allow for the simultaneous determination of identity and viability, it was necessary to select a fluorophore for the oligonucleotide probe that was compatible with the EMA fluorescence spectra. The same consideration was required in selecting a non-specific fluorophore for total cell counts. EMA has a reported maximum emission at 600 nm and it is optimally excited at 510 nm (Riedy et al., 1991) . The maximum excitation and emission wavelengths for DAPI (340 nm and 420 nm, respectively) are outside the excitation and emission ranges for EMA, making DAPI a suitable non-specific dye for total cell counts. Likewise, the maximum excitation and emission wavelengths for Cy5 (649 nm and 670 nm, respectively) are significantly higher than those for EMA, and thus Cy5 was tested as the fluorescent label for the oligonucleotide probes. Figure 1 summarizes the emission and excitation spectra for the different fluorescent markers utilized. Table 1 presents the filter sets used for the visualization of each fluorophore by epifluorescent microscopy. Note that a band-pass emission filter was required for EMA visualization to eliminate potential interference from Cy5 emission.
Maximum EMA response in membrane-compromised cells requires the saturation of DNA binding sites and efficient photoactivation to promote the retention of EMA following washing and fixation. Initial experiments with killed controls of N. europaea at an approximate cell density of 10 5 cells/mL indicated that EMA concentrations of 3-5 µg/mL were sufficient to saturate the DNA binding sites and obtain an efficient labeling of all membrane-compromised cells. However, experiments with biofilm samples revealed the need to increase the EMA concentration to as high as 100 µg/mL for high cell density samples. Thus, optimal EMA concentrations depended on the cell density of the samples being tested. Covalent binding of EMA to DNA was achieved by placing the sample 18 cm away from a 40-W lamp for 10 min. Optimization of the EMA photoactivation conditions was not conducted in this study and may be sample dependent. Comparison of fluorescent intensity before and after washing unbound EMA indicated a photocatalytic binding efficiency of approximately 40%, which is consistent with previous reports (Riedy et al., 1991) . Furthermore, EMA fluorescent intensity showed no significant change following fixation and hybridization, demonstrating the compatibility of EMA staining with FISH. Mixtures of N. europaea and P. aeruginosa were used to evaluate the effectiveness of the combined EMA and FISH protocol. In a phase contrast image ( Figure 2A ), P. aeruginosa cells appeared as curved rods, while N. europaea cells were seen as dark ellipsoids. This morphological difference facilitated the evaluation of the viability and identification procedure. When these cultures were treated with the EMA/FISH procedure using a Cy5-labeled oligonucleotide probe targeting N. europaea, there was a clear fluorescent intensity distinction between the small Cy5-labeled ellipsoidal cells and the autofluorescence from P. aeruginosa cells (Figure 2B ), demonstrating that FISH was not impaired by the use of EMA or by photoactivation. Figure 2C shows the corresponding image for EMA fluorescence, which likewise demonstrates the ability to distinguish EMA-associated fluorescence from autofluorescence. By comparison with Figures 2A and 2B , it is observed that most of the cells in this microscopic field were viable, as indicated by their lack of EMA stain. A nonviable cell of each genus is marked in Figure 2C with an arrow.
Analysis of biofilm samples
The application of the EMA/FISH methodology to determine bacterial viability and identity in intact biofilms was also evaluated. For this analysis, EMA staining of P. aeruginosa biofilms was compared to the staining of P. aeruginosa cells grown in suspended cultures. The purpose of these experiments was to determine potential EMA mass transport limitations and the effectiveness of EMA photoactivation within an intact biofilm. Planktonic and biofilm samples were subjected to treatments reflecting a combination of three different factors: EMA concentration, photoactivation, and washing. Before proceeding to the EMA staining protocol, all samples were killed to make all cells membrane compromised, as the objective of this initial experiment was to evaluate factors related to mass transport and light penetration, and not the discrimination of live and dead cells within the biofilm. The biofilms were also disrupted after EMA washing to allow the measurement of fluorescent intensity of individual cells. Table 2 summarizes the results from these biofilm experiments. EMA staining is reported as the average maximum intensity and the standard deviation of measurements from at least 50 randomly selected cells. Test 1 was performed without the addition of EMA to the samples and represents the background fluorescence of the cells. Tests 2 and 3 demonstrate the effect of washing and photoactivation in EMA-stained cells. During Test 2, cells were stained with EMA but the photoactivation step was not performed before washing. The average maximum intensity of planktonic and biofilm cells was above the background intensity, indicating that the washing step did not remove all the EMA from the cells. A slightly higher intensity in the biofilm samples suggests that EMA washing from biofilms might be affected by mass transport. Nevertheless, Test 3 clearly demonstrated the efficiency of covalent binding during photoactivation, as the fluorescent intensities were significantly higher for the photoactivated cells compared to the non-photoactivated cells in Test 2. In addition, no significant differences were observed between planktonic and biofilm J.M. Regan et al. 127 samples, a result that indicates that light penetration into the biofilm was effective. Finally, Tests 4 and 5 present the results of EMA stained samples processed without the washing step. As shown in the table, average maximum intensities were the highest and reflect the need to wash unbound EMA to take advantage of the photocatalytic binding properties. To further assess the use of EMA/FISH as a monitoring tool for biofilms, the protocol was applied to biofilms comprised of P. aeruginosa and A. calcoaceticus. Figures 3 and 4 present representative images of EMA and FISH responses from these binary biofilm samples, without and with isopropanol inactivation, respectively. Panel A in these figures depicts EMA response, while Panel B reveals the localization of A. calcoaceticus cells within the biofilm. In the sample that was not treated with isopropanol, EMA labeling of cells shows only background fluorescence ( Figure 3A) , indicating that the cells in the biofilm were viable, that EMA was effectively washed from the biofilm matrix as corroborated by the data in Table 2 , and that there was not appreciable bleed-through of Cy5 signal. In contrast, the high EMA response in Figure 4A shows that P. aeruginosa and A. calcoaceticus cells in this biofilm were inactivated by the isopropanol treatment. The corresponding FISH panels in these figures reveal the fluorescent-labeled A. calcoaceticus cells. Finally, pseudocoloring and superimposing the EMA and FISH images shown in Figure 4 would allow the colocalization of viability and identity within the intact biofilm matrix. For the samples shown in Figure 3 , it would be necessary to use DAPI to stain all cells in order to adequately visualize the non-labeled P. aeruginosa cells.
Conclusions
The photoactivated binding of EMA to DNA allows it to be coupled with FISH for simultaneous viability and identity determination. This technique was successfully applied to planktonic and biofilm samples using EMA concentrations of 3 to 5 µg/mL for dilute suspended cultures and up to 100 µg/mL for biofilms. Coupled with an indiscriminant stain such as DAPI, the protocol allows the quantification of total viable and nonviable bacteria as well as the fraction of viable and nonviable target organisms in a sample.
